Abstract Since their discovery in the 1950s, several breakthroughs marked the evolution of Ziegler-Natta catalysts and contributed to improve their catalytic activity and selectivity, conditioning the whole polyolefin market. However, some fundamental questions are still open about the structural and functional properties of the active sites, whose understanding could open new perspectives in controlling the polymerization process. In this context, a SiO 2 -supported Ziegler-Natta catalyst was prepared following a step by step approach, with the simultaneous goal of synthesis and characterization, to investigate with a surface science approach each step of the catalytic process.
Introduction
Polyethylene was first synthesized in 1933 in the research laboratories of the Imperial Chemical Company, but the polyolefins widespread commercial relevance started only after the discovery of Ziegler-Natta and Phillips catalysts in the early 1950s, which allowed the large scale production in mild conditions and with a good control of the thermal and structural properties of the products. Successive breakthroughs modified these heterogeneous catalysts improving their activity, making the processes more efficient and enhancing the selectivity to specific products. Despite many efforts to rationally design new catalysts for olefin conversion, up to now these modifications have been mostly based on a trial and error approach. At the same time, in the last years the homogeneous catalysis has achieved a prominent role in this field too, mainly based on metallocene compounds (Kaminsky 1996) . The great advantage of homogeneous catalysis is the possibility to tailor the synthesis of the catalysts according to the different needs, verging on the level of detail of enzymatic catalysis (Robert and Thomas 2013) .
Ziegler-Natta catalysts can be placed at the contact point between heterogeneous and homogeneous catalysis. Indeed, on one side their composition from the first to the fourth generation has reached an almost molecular level of complexity and specificity (Terano 2004; Chang et al. 2006; Liu et al. 2015) , and on the other side metallocene catalysts have been gradually undergoing a heterogenization process to exploit the widespread industrial technology for supported catalysts (Olabisi et al. 1997; Kaminsky and Winkelbach 1999; Fink et al. 2000; Tisse et al. 2014) . Although this dualism may promote the transfer of the organometallic knowledge to the study of the mechanism of the traditional catalytic systems (Corradini et al. 2004 ), the research is still far from understanding the functions and mutual influence of each component in Ziegler-Natta catalysts. Despite some important progresses both in the experimental and theoretical characterization of the catalysts and in the development of specific tools for screening in real time the evolution of the reaction under operando conditions (Groppo et al. 2013; D'Amore et al. 2016; Busico et al. 2016) , the complexity and the nonlinearity of the physicochemical variables make Ziegler-Natta catalysts hard to be deeply investigated. In particular, some basic questions are still open about the structural and electronic properties of the active sites.
Broadly speaking the traditional Ziegler-Natta catalysts are constituted by an active phase (TiCl 4 ), a co-catalyst (an aluminum alkyl or an aluminum alkyl chloride) and a support material (MgCl 2 ) organic electron donors are usually further added to control the selectivity of the catalyst (Albizzati et al. 1996) . All these components exerts different roles in the development of the catalysis, and this is the origin of the intrinsic complexity of Ziegler-Natta systems. This work is intended to demonstrate how the study of a simplified system, TiCl x species grafted on silica, can help in answering more general questions. Indeed the data presented hereafter, mainly collected by means of FT-IR and Diffuse Reflectance (DR) UV-Vis spectroscopies, can be used as a reference in the investigation of more complex systems. Silica was chosen as support material not only because it is particularly suitable for spectroscopic investigations, enabling in this case to isolate the signals of the TiCl x species, but also because its application in this field has already revealed to be successful for industries, offering advantages in terms of pore diffusion, steric accessibility, and particle fragmentation (Nowlin et al. 1991; Pullukat and Hoff 1999; Klapper et al. 2014) . Moreover, MgCl 2 /SiO 2 supported catalysts have been recently developed to control the polydispersity index and the molecular weight distribution by varying the [Si]/ [Mg] ratio (Wang et al. 2006) .
Finally, it is worth noticing that the characterization of the TiCl x species grafted on silica may capture the interest of a much larger scientific community, since this system is involved also in other catalytic fields. For instance, it is the precursor of dispersed titania for propylene epoxidation (Joustra 1989) , and it has been recently employed as a catalyst in advanced organic syntheses (Mirjalili et al. 2012 (Mirjalili et al. , 2014 Bamoniri et al. 2015) .
Experimental

Sample preparation
An amorphous fumed silica (Aerosil Ò 380), having a specific surface area of 380 m 2 /g, was used as a support. Silica was thermally treated in dynamic vacuum at 600°C for 2 h to significantly reduce the amount of surface OH groups to an approximate value of 1 OH/nm 2 (Groppo et al. 2005) . In the following, the thermally activated silica will be referred to as SiO 2-600 . Titanation of SiO 2-600 was achieved by dosing TiCl 4 (pure, Sigma-Aldrich) vapors at room temperature. The final amount of Ti in the SiO 2-600 / TiCl 4 pre-catalyst resulting from this procedure is expected to be about 4 wt%, by considering the involvement of all the surface OH groups (Schrijnemakers et al. 1999) . Finally, SiO 2-600 /TiCl 4 was activated by triethylaluminum (pure, from Sigma-Aldrich) vapors at room temperature. In the following, the activator agent will be referred to as TEA and the active catalyst as SiO 2-600 /TiCl 4 /TEA. All the synthesis steps were carried out directly inside the cell used for the spectroscopic measurements or inside the quartz reactor adopted for the catalytic tests, to avoid catalyst poisoning.
Analysis techniques
FT-IR spectroscopy FT-IR spectra were collected using a Bruker Vertex70 instrument equipped with a MCT detector, at a resolution of 2 cm -1 . The sample was characterized at each step of the preparation, in the form of a thin self-supporting pellet (surface density ca. 20 mg/cm 2 ) placed inside a quartz cell equipped with two KBr windows, which allows to perform thermal treatments and measurements in the presence of gases, both at room temperature and at liquid nitrogen temperature. To monitor in situ the spectra evolution during the reactions, the quartz cell interfaced with the spectrophotometer was directly connected to a vacuum line.
Diffuse reflectance UV-Vis spectroscopy DR UV-Vis spectra were collected in diffuse reflectance mode using a Varian Cary5000 spectrophotometer, equipped for reflectance measurements. The samples were prepared as very thick pellets (surface density ca. 200 mg/cm 2 ), and they were interfaced to the instrument using a cell with a window made of suprasil optical quartz. All the spectra were collected in reflectance and successively converted into Kubelka-Munk.
3 Results and discussion 3.1 Spectroscopic tools to monitor each step of the catalyst synthesis
The whole process of formation of the catalyst was monitored in situ by means of FT-IR and DR UV-Vis spectroscopies. In particular, Fig. 1 shows the sequence of spectra recorded during the titanation of the silica support, while Fig. 2 shows the spectra recorded during the activation of the pre-catalyst with TEA. The FT-IR spectrum of SiO 2-600 (spectrum 1 in Fig. 1b ) is characterized by an intense absorption band at 3750 cm -1 , which is due to m(OH) of isolated silanol groups on the surface, and by the off-scale signals of the vibrational modes of silica bulk below 1280 cm -1 , whose overtones result in well defined bands at 1645, 1870 and 1986 cm -1 . In the region of the bulk vibrations, between 980 and 840 cm -1 there is the so-called ''window of transparency'' of silica, whose changes are often related to surface modifications.
As soon as TiCl 4 reaches the silica surface (spectrum 2 in Fig. 1b) , the sharp absorption band at 3750 cm -1 is largely consumed because of the reaction between TiCl 4 and the surface hydroxy groups. During the reaction, evolution of gaseous HCl is observed (characteristic rotovibrational profile centered at 2885 cm -1 ). At the end of the reaction, a very small amount of residual Si-OH species is still observed, suggesting that a few hydroxy groups are not able to react with TiCl 4 . At the same time, a new band appears inside the silica window of transparency (at 924 cm -1 ), which is assigned to m(SiO) vibrational modes of surface SiO x moieties in interaction with TiCl 3 monodentate species (Schrijnemakers et al. 1999; Kinney and Staley 1983) . The possible presence of SiO x grafting TiCl 2 bidentate species cannot be confirmed since their m(SiO) absorption band (at 995 cm -1 ) is overlapped to the vibrational modes of the framework (Schrijnemakers et al. 1999; Kinney and Staley 1983) .
Although the titanation does not involve a change in the sample color (which is white as the bare silica), the DR UV-Vis spectrum of the pre-catalyst (spectrum 2 in Fig. 1a ) is dominated by two absorption bands in the UV region, at 36,500 and 42,000 cm -1 , which are assigned to Cl ? Ti and O ? Ti charge transfer transitions, respectively. The energy of a charge-transfer transition can be related to the properties of the metal and ligand according to the Jorgensen semi-empirical equation (Jorgensen 1962) :
where v opt (M) is the optical electronegativity of the metal and has the character of the electron affinity of the orbital involved in the bond, decreasing with the fall in oxidation state and also with the reduction of the symmetry degree, whereas v opt (X) is the optical electronegativity of the ligand and is related with its ionization energy. The optical electronegativity values for many ions are reported in the literature. According to these literature data, v opt (Cl) = 3.0 and v opt (O) = 3.2 (Crouch et al. 1969; Duffy 1977) , whereas v opt (Ti) depends on its coordination geometry and oxidation state (e.g., v opt (Ti fourfold 4? ) = 1.85 and Fig. 1 a DR UV-Vis-NIR spectra of SiO 2-600 support (spectrum 1) and of SiO 2-600 / TiCl 4 pre-catalyst (spectrum 2). b FT-IR spectra as part a. The insets display a magnification of the m(OH) spectral region (left) and of the window of transparency of silica (right). Light grey spectra have been collected during pre-catalyst formation (from spectrum 1 to spectrum 2) ) = 2.06) (Jorgensen 1970) . Hence, both the absorption bands can be reasonably attributed to the presence of fourfold Ti 4? species (Seenivasan et al. 2011 ). After activation with TEA, the catalyst appears dark brownish; this is the first clear evidence for the reduction of the titanium species. Indeed, the DR UV-Vis spectrum of SiO 2-600 /TiCl 4 /TEA catalyst (spectrum 2 in Fig. 2a ) is dominated by a very intense and large band at around 24,000 cm -1 . The intensity of this band is unusually high for a normal d-d transition and can be due to an intersite d-d transition taking place from a Ti 3? ion to another one through a Cl -bridge, thus conferring a partial character of a charge transfer on the d-d transition. This phenomenon was already observed for bulk TiCl 3 (Clark 1964) , and so it is taken here as the proof of the formation of clusters of reduced TiCl x species induced by TEA. Furthermore, another weaker absorption band can be individuated at ca. 13,000 cm -1 , although it is almost completely overlapped with the tail of the band at 24,000 cm -1 . This band can be compatible with a d-d transition for isolated Ti 3? sites in a sixfold coordination, having both O, Cl and alkyl groups as ligands . The remaining features belonging to the charge-transfer spectral region (27,000-40,000 cm -1 ) are not easily assignable due to the coexistence of several contributions, including the reduced Ti related charge-transfer transitions and the charge-transfer from the alkyl group R to the Ti centre.
In the FT-IR spectrum of SiO 2-600 /TiCl 4 /TEA catalyst (spectrum 2 in Fig. 2b ) the vibrational modes of the residual OH groups present in SiO 2-600 /TiCl 4 pre-catalyst seems to be not affected either by TEA, meaning that the reaction likely involves only the grafted TiCl x species. Instead, a complex series of absorption bands gradually grows in both m(CH x ) and d(CH x ) regions. These bands are due to the alkyl groups deriving from TEA. Although the analysis of these bands is complicated by the coexistence of the alkylated TiCl x R y species together with AlR x Cl y byproducts, some information about the species that are present on the catalyst surface can be drawn by comparing them with the FT-IR fingerprints of liquid TEA (spectrum 3), which were assigned in detail by Kvisle et al. (Kvisle and Rytter 1984) . Previous works demonstrated that TEA in the liquid phase is a dimer (Benn et al. 1987) , whose structure was determined by powder neutron diffraction at low temperature (McGrady 2000) . The similar shapes of spectrum 2 and spectrum 3 suggest that TEA molecules are in the dimeric state in both cases. Although TEA is sent on the pre-catalyst in the gas phase, dimer species are mostly formed on the surface, because TEA molecules tend to accumulate and to aggregate on the surface, as already reported in the literature for TEA grafting on pure silica (Kerber et al. 2012) . Moreover, it is worth noticing that m(CH x ) bands in spectrum 2 are slightly shifted at higher frequencies. This upward shift might be due to the fact that the alkyl chains feel a more polar environment, induced by the presence of chlorine in the surroundings.
Finally, the activity of the catalyst towards ethylene conversion was evaluated by spectroscopy and it proved to be very high even in very mild conditions (25°C, P C2H4 = 100 mbar). Indeed, Fig. 3 shows the fast growth of two sharp absorption bands at 2920 and 2850 cm -1 , assigned to the asymmetric and symmetric m(CH 2 ) modes characteristic of HDPE. Moreover, in the d(CH 2 ) spectral region two absorption bands are visible at 1472 and 1463 cm -1 , which are related to the crystalline and to the amorphous phase of HDPE, respectively. Since the intensity of the band at 1472 cm -1 is much higher than the band at 1463 cm -1 , it can be stated that SiO 2-600 /TiCl 4 /TEA mostly catalyses the production of a crystalline HDPE (Chelazzi et al. 2004 ).
3.2 Adsorption of carbon monoxide on the catalyst surface CO adsorption at 100 K was used as a molecular probe to get information about the accessibility and the electronic properties of the functional sites on the surface at each step of the synthesis of the catalyst. Indeed, the m(C:O) is very sensitive to the properties of the adsorption sites. Figure 4 shows the sequence of FT-IR spectra, collected at decreasing CO coverage, for each of the three synthesis steps (SiO 2 activation, titanation, and activation of the pre-catalyst).
The spectrum of CO adsorbed on SiO 2-600 is characterized at the maximum coverage (spectrum 1) by two absorption bands at 2155 and 2137 cm -1 , which are assigned to CO in interaction with surface silanol groups and to physisorbed CO, respectively (Ghiotti et al. 1979; Zecchina and Otero Areán1996) . Since silanols are not strong Brønsted acid sites, their interaction with CO molecules is quite weak. This is testified by the easy Fig. 3 Evolution of the FT-IR spectra (from baseline to spectrum 1) in the m(CH) and d(CH) regions during ethylene conversion on SiO 2-reversibility of the corresponding absorption band, which is almost the same as for the physisorbed species.
The spectrum of CO adsorbed at the maximum coverage on the SiO 2-600 /TiCl 4 sample (spectrum 2) is characterized by a modification in the relative intensities of the bands at 2155 and 2137 cm -1 and by the appearance of a new band at 2188 cm -1
. While the band at 2137 cm -1 is almost unaffected, the band at 2155 cm -1 is much less intense because most of the OH groups were consumed by TiCl 4 reaction. Besides, the new absorption band at 2188 cm , since it is compatible with analogous values of m(CO) reported in the literature. For example, a band at 2180 cm -1 was assigned to CO adsorbed on Ti 4? within TS-1 (Zecchina et al. 1991) , and a band at 2184 cm -1 was attributed to CO adsorbed on Ti 4? sites in TiO 2 nanoparticles (Xu et al. 2012) . Since the position of the band depends on the polarizing power of Ti 4? sites, the shift of m(CO) up to 2188 cm -1 for CO adsorbed on SiO 2-600 /TiCl 4 pre-catalyst indicates that the Lewis acidity of Ti 4? is enhanced by the chloride ligands. In addition, the intensity of the band is quite low, may indicating that Ti 4? sites are scarcely accessible. Surprisingly, the spectrum of CO adsorption after the activation of the catalyst (spectrum 3) is almost the same as that of CO adsorption on the pre-catalyst previously discussed (spectrum 2). While it is reasonable that the contributions of physisorbed CO and of CO adsorbed on residual hydroxy groups did not change after the reaction of the pre-catalyst with TEA, the fact that the band at 2188 cm -1 is still present is not straightforward. Indeed, it might be due either to a fraction of unreduced Ti 4? sites or to the unluckily concurrent signal of CO interacting with the Al 3? ions of TEA. Indeed, according to the literature, m(CO) in Al 3? -CO adducts can vary from 2180 up to 2230 cm -1 (Muddada et al. 2011) . Moreover, no new bands ascribable to the interaction of CO with reduced Ti sites are observed. This may indicate that most of the reduced Ti species are not accessible by CO, either because of the formation of clusters (as indicated by DR UV-Vis spectroscopy) or because of the steric hindrance of the aluminum alkyls in close proximity to the active sites.
Conclusion
This work pointed out the potentials and the still present hurdles of a surface science approach for the characterization of heterogeneous polymerization catalysts. Complementary information can be achieved using other spectroscopic techniques, such as EPR spectroscopy, to unravel the nature and local coordinative environment of the unpaired electron of reduced Ti species (Morra et al. 2015) , or NMR spectroscopy, to detect the interaction of the magnetically active nuclei involved in the catalytic process (as 27 Al, 13 C, 1 H and 35 Cl) (Kerber et al. 2012; Sormunen et al. 1990; Busico et al. 2008; Blaakmeer et al. 2016) .
The SiO 2-600 /TiCl 4 /TEA model catalyst turned out to be active in ethylene conversion, thus opening new perspectives in employing this system as the starting point for the synthesis of a catalyst suitable for industrial practice. Fig. 4 Comparison between the evolution of the FT-IR spectra in the m(CO) region upon decreasing CO coverage (from the maximum coverage marked with colored spectra to zero coverage used as baselines) over SiO 2-600 support (a), over SiO 2-600 /TiCl 4 pre-catalyst (b), and over SiO 2-600 /TiCl 4 /TEA catalyst (c)
